Effect of 24-epibrassinolide and 28-homobrassinolide on the germination and seedling growth of radish (Raphanus sativus) subjected to water stress being imposed by 15% (w/v) polyethylene glycol (equivalent to −2.95 bars of osmotic pressure) was studied. Brassinosteroids supplementation reduced the inhibitory effect of water stress on seed germination and seedling growth. The growth stimulation in radish seedlings by brassinosteroids under desiccation stress was associated with elevated levels of nucleic acids and soluble proteins and lowered activities of RNase. The mitigation of osmotic stress imposed by PEG was associated with increased scavenging of reactive oxygen species as reflected in elevated activities of superoxide dismutase, catalase and ascorbate peroxidase. Brassinosteroids also enhanced the accumulation of the osmolyte free proline in radish seedlings challenged with drought stress. The two brassinosteroids also maintained membrane integrity under water deficiency conditions as indicated by lowered lipid peroxidation reflecting in reduced MDA content. The results of present study demonstrate the protective role of brassinosteroids against PEG imposed water stress in radish seedlings.
Introduction
Water stress is the most important abiotic stress limiting the plant growth. Water stress leads to a series of morphological, physiological and molecular changes which adversely affect plant growth. Drought stress is primarily manifested as osmotic stress resulting in the disruption of homeostasis and ion distribution in the cell [1] . Seed germination is the most critical stage in plant life cycle which is severely affected in water limiting conditions. Further, establishment of seedlings in dry environment is a major reason for seedling mortality. Phytohormones have been implicated in modulating the plant response to desiccation stress. Brassinosteroids (BRs) are a new group of phytohormones which regulate broad spectrum of physiological processes including seed germination, plant growth, vascular differentiation and photomorphogenetic process [2, 3] . One of the most promising roles of BRs is their ability to confer resistance to wide array of abiotic stresses [4, 5] . The osmotic solution is used to impose water stress reproducibly under in vitro conditions. Polyethylene glycol (PEG) widely used to induce water stress, is a non-ionic water polymer which is not expected to penetrate into plant tissue rapidly [6] . As PEG does not enter the apoplast, water is withdrawn from the cell including cell wall and thus PEG solutions mimic dry soils more closely than solutions of low-MR osmotica which infiltrate the cell wall with solution [7] .
In the present study, the impact of brassinosteroids on seed germination and seedling growth of Raphanus sativus L. under water stress as imposed by PEG is being investigated.
Materials and Methods

24-epibrassinolide (EBL) and 28-homobrassinolide (HB-
) were purchased from CID tech research Inc, Mississauga, Ontario, Canada. Seeds of radish (Raphanus sativus L.) Pusachekthi varieties were obtained from National Seed Corporation, Hyderabad. After preliminary experiments employing a range of concentrations of polyethylene glycol (PEG 6000), a concentration of 15% was selected as the drought stress concentration. The osmotic potential of 15% aqueous solution of PEG is −2.95 bars at 25˚C [8] .
Seeds were surface sterilized with 0.5% (v/v) sodium hypochlorite solution from commercially available 4% NaClO and washed thoroughly with several changes of sterile distilled water. They were soaked for 24 h either in 1) Distilled water (control) 2) 0.5, 1.0 and 2.0 µM concentrations of EBL and HBL 3) 15% Polyethylene glycol (stressed control) 4) 15% Polyethylene glycol supplemented with brassinosteroids. The two brassinosteroids (EBL and HBL) were employed at 3 concentration levels viz., 0.5 µM, 1.0 µM and 2.0 µM. 20 seeds for each treatment were distributed in separate petri plates (15 cm diameter) provided with whatman No. 1 filter papers. The seeds were allowed to germinate in the dark at 25 ± 1˚C. The number of seeds germinated was recorded at the end of 24 h and 36 h under safe green light. After 72 h, 5 seedlings were retained in each plate and 5 ml test solution was added. On the seventh day seedling growth in terms of length, fresh and dry weight was recorded. For recording dry weight seedlings were dried at 110˚C for 24 h in hot air oven.
On the seventh day fresh seedlings material (200 mg) was homogenized with 70% (v/v) ethyl alcohol and stored in deep freezer. The alcoholic homogenate was used for nucleic acid and soluble protein estimation.
Nucleic Acids
DNA and RNA fractions in the ethyl alcohol homogenate were separated by the method of Ogur and Rosen [9] . DNA was estimated by the procedure of Burton [10] employing diphenylamine reagent and RNA was quantified by the method of Schneider [11] using Orcinol reagent.
Soluble Proteins
Soluble proteins in alcohol homogenate (extract in case of enzyme assay) were precipitated by using 20% (w/v) trichloroacetic acid. The precipitate was dissolved in 5 ml of 1% (w/v) sodium hydroxide and was centrifuged at 4000 rpm for 10 min. The supernatant was used for estimation of proteins by Lowry et al. [12] method.
Free Proline
The amount of proline content was estimated as described by Bates and others [13] . Seedling material (0.5 g) was homogenized with 10 ml of 3% (w/v) sulfosalicylic acid and the homogenate was filtered through whatman No. 2 filter paper. The supernatant was taken for proline estimation. The reaction mixture was composed of 2 ml of plant extract, 2 ml of acid ninhydrin reagent and 2 ml of glacial acetic acid and heated in a boiling water bath for one h. The reaction was terminated in an ice bath followed by addition of 4 ml of toluene. The contents were shaken vigorously and then allowed to separate into phases. The chromophase containing upper toluene phase was carefully taken out with the help of a pipette and the absorbance was taken at 520 nm. The amount of proline present was quantified with the help of proline standard graph.
Lipid Peroxidation
Lipid peroxidation was determined by estimating the malondialdehyde (MDA) content following the method of Heath and Packer [14] . Seedlings (1.0 g) were homogenized with 3 ml of 0.5% thiobarbituric acid (TBA) in 20% trichloroacetic acid (v/v). The homogenate was incubated at 95˚C for 30 min and the reaction was stopped in ice. The samples were centrifuged at 10,000 × g for 5 min the absorbance of the resulting supernatant was recorded at 532 nm and 600 nm. The non-specific absorbance at 600 nm was subtracted from the 532 nm absorbance. The absorbance coefficient of MDA was calculated by using the extinction coefficient of 155 mM
Antioxidant Enzymes
The fresh seedling material (200 mg) was homogenized with sodium phosphate buffer at pH 7.0 for CAT, POD, and APX and at pH 7.8 for SOD activities. The supernatant was used to measure the activity of the enzymes and the protein content in the supernatant was determined according to Lowry et al. Catalase (CAT, EC; 1.11.1.6) activity was assayed by the method of Barber [15] . Enzyme extract (0.5 ml) was added to 2.0 ml of hydrogen peroxide and 3.5 ml of phosphate buffer (pH 7.0). The reaction was stopped by adding 10.0 ml of 2% (v/v) concentrated sulphuric acid, and the residual hydrogen peroxide was titrated against 0.01 M KMnO 4 until a faint purple color persisted for at least 15 sec. The activity of the enzyme was expressed as enzyme units.
Peroxidase (POD, EC; 1.11.1.7) activity was assayed adopting the method of Kar and Mishra [16] . To 0.5 ml of enzyme extract, 2.5 ml of 0.1 M phosphate buffer (pH 7.0), 1.0 ml of 0.01 M pyrogallol and 1.0 ml of 0.005 M H 2 O 2 were added. After incubation, the reaction was stopped by adding 1.0 ml of 2.5 N H 2 SO 4 . The amount of purpurogallin formed was estimated by measuring the absorbance at 420 nm. The enzyme activity was expressed in absorbance units.
Ascorbate peroxidase (APX, EC; 1.11.1.11) activity . Superoxide dismutase (SOD, EC; 1.15. 1.1) activity was determined based on inhibition of the photochemical reduction of nitrobluetetrazolium (NBT) [18] . The reaction mixture contained 50 mM sodium phosphate buffer (pH 7.8), 1.5 ml methionine, 1 ml of NBT, 0.75 ml triton-X-100, 2 mM EDTA, 10 µL of riboflavin and 50 µg of protein. One unit of activity is the amount of protein required to inhibit 50% initial reduction of NBT under light.
Ribonuclease (E.C; 3.1.27.5) enzyme was extracted and assayed by adopting the method of Corbishley et al. [19] 200 mg of seedling material was ground in a chilled mortar with 10 ml of 0.05 M potassium acetate buffer (pH 6.5). The homogenate was centrifuged at 4˚C for 20 min at 20,000 rpm. The assay mixture contained 5 ml of 100 µg ml-yeast RNA in 0.05 M potassium acetate buffer (pH 6.8) and 1 ml of enzyme extract and this was incubated for 2 h at 37˚C. At the end of incubation period, the undigested nucleic acid was precipitated with 4 ml of chilled perchloric acid ethanol mixture (5% of perchloric acid in absolute ethanol). The contents were chilled for one h and centrifuged at 4˚C. The supernatant taken as the enzyme extract was diluted to 20 ml with buffer and optical density was recorded at 260 nm against blank at zero time. Enzyme activity was expressed in absorbance units.
Statistical Analysis
The experiments were repeated twice with adequate replicates to obtain sufficient plant material for analysis. However values of 5 replicates of each parameters recorded were subjected to statistical scrutiny. Standard error (SE) of the mean values (n = 5) in figures of sample variability was given. The data was analyzed by One way analysis of variance (ANOVAs), followed by Post Hoc Test (Multiple Comparison). The differences were considered significant if P was at least ≤ 0.05. SPSS version 13.0 software is used for all statically analysis.
Results and Discussion
Water stress resulted in delayed and decreased seed germination (Figure 1) . However supplementation of BRs to water stress treatments improved the seed germination. EBL and HBL at 2 µM concentration completely removed the inhibitory impact of water stress imposed by PEG on seed germination. Brassinosteroids (EBL and HBL) alone treatments also caused good increase in seed germination over untreated controls. It has been reported that 24-epibrassinolide significantly shortened the dormant period of embryos and increased germination percentage of cherry plum and sloe embryos [20] . Brassinosteroids promoted seed germination by enhancing the growth potential of the embryo of tobacco seedlings [21] . Brassinosteroids also overcome the inhibition of germination by abscisic acid in Arabidopsis [22] . Brassinosteroids removed the inhibitory effect of salt on the seed germination of Eucalyptus camaldulensis [23] and rice [24] . Brassinosteroids were also found to remove the toxicity of cadmium on seed germination of radish [25] . Under desiccation stress, the growth of seedlings was found severely impaired as reflected in reduced length, fresh weight and dry weight (Figures 2(a)-(c) ). The growth of juvenile seedlings under stress is highly sensitive and prone to damage due to water stress. Seed germination and early seedling development are the initial handicaps for establishment of plants in dry terrain. However both the BRs significantly increased the seedling growth of radish under water stress conditions. Brassinosteroid alone treatments also caused good improvement in seedling growth. The supplementation of BRs to water stress treatments not only rescued the seedling growth, but also further improved. The results of present study clearly demonstrated the alleviation of water stress by BRs. Further, the ameliorating capability of the BRs was found to be dose dependent. At 2 µM concentration, BRs completely eliminated the impact of PEG on radish seedlings growth which was reflected in all the vegetative parameters recorded (Figure 2) . The growth promoting effects of BRs on seedlings under stress conditions might be attributed to their involvement in cell elongation and cell cycle progression [26] as well as regulation of genes encoding xyloglucan endotransglucosylase/hydrolases (XTHs), expansions, glucanases, sucrose synthase and cellulose synthase or by activating the H+-ATPase activity [27] .
Effect of Brassinosteroids on
The growth reduction under water stress was manifested in reduced content of nucleic acids (Figure 3) . 
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The decline in the levels of nucleic acids was found negated by the exogenous application of BRs. Even in BRs alone treatments also, the levels of nucleic acids were found higher than the untreated and unstressed controls. The growth promotion in radish seedlings by BRs in unstressed and water stressed conditions was found associated with enhanced levels of DNA and RNA (Figures  3(a) and (b) ) and lowered RNase activity (Figure 3(c) ). It has been suggested by Key [28] that phytohormones regulate the growth by affecting nucleic acid synthesis. The results obtained in the present study with BRs are in conformity with the observations made by Key. The increase in the levels of nucleic acids might be due to enhanced synthesis and reduced degradation. Mung bean seedlings, when treated with 24-epibrassinolide, are reported to exhibit elevated activity of RNA polymerase and lowered activity of RNase and DNase [29] . Similarly, BRs application markedly increased the DNA and RNA content in 3 w old maize plants under salinity stress [30] .
The ameliorative influence of BRs on salinity stress induced growth inhibition in rice plants was linked to elevated levels of nucleic acids [31] . In radish seedlings under drought stress, there was remarkable decline in soluble proteins. Supplementation of BRs resulted in improvement in soluble protein content in radish seedlings growing under water stress. Brassinosteroids alone treatments also cause enhancement in soluble protein levels (Figure 4(a) ). Sasse, [32] suggested that BRs can stimulate the synthesis of particular proteins associated with growth. Supplementing the culture media with 24-epibrassinolide increased cell division rate and soluble protein content in Chinese cabbage protoplasts [33] . Sairam [34] also obtained enhanced protein levels in wheat plants by 28 -homobrassinolide under moisture stress. Similarly, the alleviating influence of BRs on salinity stress induced inhibition of growth in rice was found associated with elevated levels of proteins [35] .
Phytotoxicity from water stress is closely related to the production of reactive oxygen species (ROS) in plants. An imbalance between ROS production and ROS scavenging leads to oxidative burst. ROS can react with lipids, DNA and proteins, and causes membrane damage and enzyme inactivation resulting in inhibition of plant growth [36] . In order to scavenge ROS and to counter oxidative stress, plants evolved an efficient antioxidant defense system. SOD constitutes the first line of defense against ROS in plants, and this enzyme catalyzes the detoxification of 2 O  to H 2 O 2 and O 2 [37] . SODs are the most efficient scavengers of the superoxide anion [38] . In the present study, a significant increase in SOD activity was observed in water stressed radish seedlings, suggesting an important role in removing 2 , induced by water stress (Figure 5(c) ). Exogenous application of both BRs further enhanced the SOD activity under both normal and water stressed seedlings reflecting enhanced
Water stress induced by PEG led to increasing in the activity of CAT (Figure 5(a) ). Supplementation of BRs to water stress resulted in further elevation of CAT activity. The decomposition of 2 O (produced under water stress) always accompanied by production of H 2 O 2 which diffuses across the plasma membrane and is toxic as it acts as both an antioxidant as well as reductant [39] . Catalase further breaks down the H 2 O 2 to water and oxygen [40] . Enhanced CAT activity in radish seedlings treated with BRs under water stress might have resulted in the oxidation of harmful substances, leading to resto- ration of growth. Cao et al. [41] suggested that BRs enhance the oxidative stress resistance in Arabidopsis by increasing the transcript levels of defense gene catalase. However BRs alone as well as supplementation of BRs to water stressed seedlings increased the activities of employing the protective role of BRs through efficient scavenging of ROS. These results agree well with Behnamnia et al. [42] , who reported that 24-epibrassinolide increased the CAT activity under drought stress in Lycopersicon esculentum.
Peroxidase activity was decreased, in water stressed seedlings compared with the control. With BRs supplementation to water stressed seedlings, peroxidase activity enhanced significantly. BRs alone treatments increased POD activity reporting maximum at 2 µM concentration for both the steroids (Figure 5(b) ). Similar increase in POD activity was observed in soybean under water deficient due to BRs application [43] . Ascorbate peroxidase which uses reduced ascorbate as a reductant in the first step of ascorbate-glutahione cycle is recognized as the most important peroxidase in H 2 O 2 detoxification [44] . Under water stress, increased activity of APX was observed reflecting elevated H 2 O 2 detoxification ( Figure  5(d) [45] observed that exogenous application of brassinolide increased the activity of APX in Chlorella cultures under heavy metal stress. In water stressed seedlings there was a marked increase in MDA content (Figure 4(c) ) reflecting lipid peroxidation and loss of membrane integrity. Water stress caused severe lipid peroxidation due to the removal of hydrogen by ROS from unsaturated fatty acids leading to lipid radical formation which leads to formation of alkenes and lipid and aldehydes which destroy the lipid structure. Feeding BRs to water stressed seedlings resulted in decline in lipid peroxidation as indicated by lower MDA content. The decrease in the levels of MDA, the key indicator of stress indication demonstrates the efficient stress management by BRs.
Results of the present study reported that PEG induced significant water deficient in radish seedlings, and no other toxicities were observed at seedling level following the addition of PEG-6000. Both the BRs employed in the study reversed the inhibitory effect of water stress on seed germination and all the above reported parameters. BRs alone treatments are analysed promising results that are substantial improvement rather than control treatment. However application of BRs on PEG treated seedlings plunging the water deficient and the seedlings reached to near control treated plants.
Osmolytes play significant protective role in plant responses to water stress and resistance. Under water stress, proline concentration can reach up to 80% of the total amino acid pool. In the present study, osmotic stress imposed by PEG caused substantial increment free proline levels and furtherance of proline content was found in radish seedlings exposed to desiccation stress ( Figure  4(b) ). The biochemical defense system against abiotic stress involves the amino acid proline (an osmolyte) which acts as cellular protectors largely accumulated in several plant species in response to abiotic stress, and scavenge ROS [46] . Farooq et al. [47] also observed that application of BRs increased the free proline levels in rice under drought stress. Alleviation of Zn toxicity by 24-epibrassinolide was also found to be watered with accumulation of proline in radish seedlings [48] . The findings of present investigation suggest that BRs are playing a positive role in combating the PEG-induced drought stress by enhancing the levels of metabolites and the activities ROS scavenging enzymes thereby keeping ROS levels under control and maintaining cellular redox status.
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